Introduction
[2] Pockets of the ancient atmosphere trapped in Antarctic ice cores show that the atmospheric concentration of CO 2 (pCO 2 ) was 80-100 ppmv lower, during peak glacial times, than the preindustrial Holocene value of~280 ppmv [Barnola et al., 1987; Petit et al., 1999] . It is generally agreed that the causal mechanism for the glacial-interglacial (G-IG) pCO 2 change must be closely linked to the ocean carbon reservoir as this is the only active reservoir on Earth of sufficient size to account for the magnitude and frequency of the observed G-IG cycles in pCO 2 [Broecker, 1982] . Many mechanisms have been proposed to explain all or part of the glacial decrease in pCO 2 , which range from changes in ocean circulation [Sarmiento and Toggweiler, 1984] to biological processes [Sarmiento and Toggweiler, 1984; Martin, 1990] and the redistribution of carbonate sediment deposition [Berger, 1982] . It is generally thought though that the specific controls must be manifold .
[3] Diatoms (unicellular algae) play a major role in the carbon, silicon, and nutrient budgets of the oceans Ragueneau et al., 2000] and may be important in regulating pCO 2 through their influence on the global biological pump . For example, changes in the relative contributions of silica-versus carbonate-depositing organisms in the surface ocean can influence pCO 2 by altering the ratio of organic to inorganic carbon exported to the deep sea [Archer and Maier-Reimer, 1994] . In the modern equatorial Atlantic, diatom biomass is limited by the availability of silicic acid [Si(OH) 4 ] Sarmiento et al., 2004] , which is the major nutrient required by diatoms to build their protective outer frustules. Under conditions of plentiful silicic acid in surface waters, diatoms are often able to dominate primary productivity . Mesocosm experiments conducted with semicontinuous nutrient addition show that diatoms are able to outcompete the commonly occurring calcareous coccolithophore Emiliania huxleyi and other picoplankton when concentrations of Si(OH) 4 are greater than~2 mM and phosphate (PO 4 3À ) and nitrate (NO 3 À ) are present in nonlimiting concentrations [Egge and Aksnes, 1992] . Other in situ studies suggest that the balance of silica and carbonate producers is strongly affected by local nutrient availability [Marañόn et al., 1996; Leblanc et al., 2009] . Changes in the supply ratio of Si(OH) 4 to NO 3 À to the surface of the equatorial Atlantic might then be expected to influence the ratio of silica to carbonate producers in this region Matsumoto et al., 2002] .
[4] The supply of nutrients to the low-latitude Atlantic thermocline is determined by the flux and preformed chemistry of Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW) spreading north from their formation regions within the Southern Ocean (SO) [Sarmiento et al., 2004] . Analogous to SAMW, AAIW forms through the subduction near the Polar Front of waters originating from the Winter Water layer of the Bellingshausen Sea to the west of the Antarctic Peninsula [Sievers and Nowlin, 1984; Meredith et al., 1999] . Antarctic Surface Water (AASW) and SAMW have relatively low silicic acid contents with respect to other nutrients such as nitrate and phosphate, due to depletion of silicic acid by diatoms (Figure 1 ). It has been proposed that the densest varieties of SAMW transit the Drake Passage and contribute to AAIW in the Atlantic [McCartney, 1977; Hanawa and Talley, 2001] . The influence of AAIW at lower latitudes has been documented by its presence as a salinity minimum along an isopycnal (s 0~2 7.3 kg m À3 ) from 50 S to the Straits of Florida, via the north coast of South America and the Caribbean Sea, and from here extending northward to Cape Hatteras and as far northeast to 60 N, 20 W, just south of Iceland [Tsuchiya, 1989] .
[5] Southern Ocean (SO) surface waters are sourced from Upper Circumpolar Deep Water (UCDW), which upwells south of the Antarctic Polar Front (APF) and has a relatively high silicon:nitrate ratio (Si:N % 2 to 3) [Schlitzer, 2000] . As a result, primary productivity in AASW is dominated by diatoms. Furthermore, diatoms in this region take up 4-5 times as much silicic acid per unit of organic matter than those from other regions of the world ocean [Pondaven et al., 2000; Brzezinski et al., 2001] . This is due partly to the fact that the Southern Ocean is iron limited, which increases the uptake of silicic acid relative to nitrate in diatoms [Takeda, 1998 ]. This process leaves AASW depleted in Si(OH) 4 but high in preformed and (Figure 1 ) [Schlitzer, 2000] . If the silicic acid uptake of diatoms in surface waters of the Southern Ocean were to be decreased (for example, by an increase in the supply of Fe [e.g., Takeda, 1998 ]), then any unused silicic acid would "leak" to lower latitudes via AAIW (provided that it was not completely consumed by diatoms in the subantarctic zone) . Higher concentrations of silicic acid, conveyed to low latitudes by AAIW, could alleviate Si limitation there, allowing diatoms to increase their contribution to primary productivity, and potentially outcompete carbonate producers such as coccolithophorids Matsumoto et al., 2002] . The net result of such an ecological shift would be that pCO 2 is drawn down through a combination of changes in surface and whole ocean alkalinity Matsumoto and Sarmiento, 2008] . This mechanism is known as the silicic acid leakage hypothesis (SALH).
[ (Figure 1) [Schlitzer, 2000] . The Nd isotope record provides an indication of the relative influences of intermediate waters sourced from northern versus southern high latitudes in the tropical Atlantic [Pahnke et al., 2008] , while the silicon isotopes give information about changes in intermediate water [Si(OH) 4 ] at our core site [Hendry et al., 2010; Hendry and Robinson, 2012] . We also measured the sedimentary opal contents of MD99-2198 and the Bermuda Rise core ODP 1063 (33 41 0 N, 57 37 0 W; 4595 m water depth) as well as (thorium-normalized) sedimentary opal accumulation rates in the eastern equatorial Atlantic (EEA) core RC24-01 (0 33 0 N, 13 39 0 W; 3837 m water depth) to gauge any effect on low-latitude diatom export productivity during the MIS 5/4 transition. In particular, we are interested in whether a SALH scenario could have Figure 1 . Concentrations of (top) nitrate, (middle) silicate, and (bottom) the pseudotracer Si* from a transect through the western Atlantic from~75 S to 40 N, with all core locations plotted by latitude and depth (note the hydrographic section is only relevant for MD99-2198, shown with a black marker; ODP 1063 and RC24-01 are shown by grey markers). AAIW is identifiable as a tongue of high-nitrate, low-Si* water extended from high southern latitude to low latitude [Schlitzer, 2000] et al., 2004] . Salinity is indicated by the contours in black (values in PSS-78) [Schlitzer, 2000] . played a role in the~46 ppmv drawdown of pCO 2 that occurred at the start of MIS 4 [Ahn and Brook, 2008] ; a number of cores from the eastern equatorial Atlantic (EEA) indicate increased opal accumulation during MIS 4 [Gardner and Burckle, 1975; Stabell, 1986; Abrantes, 2001] . [8] We also generated opal accumulation records from the core RC24-01, situated in the EEA (Figure 2 ). The RC24-01 core site lies in the divergence created by the boundaries of the broad, westward flowing South Equatorial Current and the weaker, more variable eastward flowing North Equatorial Countercurrent [Bourles et al., 1999; Stramma and Schott, 1999] . For more details of core site hydrography, see the supporting information.
Core Locations and Hydrography

Methods
[9] Full details of the individual methods used in this study are given in the supporting information and are described only briefly below. Neodymium isotope ratios were measured on the dispersed Fe-Mn oxyhydroxide phase extracted from the fine (<63 mm) fraction of the decarbonated bulk sediment from MD99-2198 sediment samples, following the same procedure as in Pahnke et al. [2008] . Silicon isotope ratios were measured on sponge spicules picked from the 63-215 mm fraction of the previously separated coarse (>63 mm) fraction of MD99-2198, according to the protocol of Hendry et al. [2010] [Andersen et al., 2007] for 0-60 ka and a speleothem-tuned age model prior to 60 ka [Barker et al., 2011] as a tuning target for all age models used in this study. Age control for MD99-2198 was initially based on a low-resolution record of benthic d (Figure 3 ). This approach assumes inphase behavior between millennial-scale oscillations in the tropics and the Northern Hemisphere temperature. We suggest that this is reasonable, because these regions are linked through meridional heat transport and the position of the Intertropical Convergence Zone (ITCZ) (which is sensitive to changes in North Atlantic temperature) [Hüls and Zahn, 2000; Peterson et al., 2000; Lea et al., 2003; Cruz et al., 2005] . It has also been demonstrated that the primary control on the d
18
O of rainfall over tropical South America is the amount of precipitation, which is modulated by the position of the ITCZ [Vuille et al., 2003; Cruz et al., 2005] . The uncertainty associated with individual control points in our age model (with respect to the Greenland record to which it is tuned) depends on our ability to identify the correct transitions for tuning and the precision with which tuning can be performed (which is dependent on the duration of the transition). However, much of our discussion will be based on the MIS 4 interval, during which we have no robust age control GRIFFITHS ET AL.: EVIDENCE OF GLACIAL SILICIC ACID LEAKAGE within MD99-2198. We therefore present our discussion in terms of early, mid, or late MIS 4, etc. Fortunately, records obtained from individual cores can be compared together unambiguously, and several of our records have been obtained in such a way.
[11] The L* reflectance index (a measure of sediment brightness) may be used to distinguish sedimentological components such as free and bound Fe, CaCO 3 , Fe minerals (e.g., goethite), and clay [Rogerson et al., 2006] . A highresolution record of core reflectance (similar to L*) from the western tropical Atlantic was used to identify a link between sediment reflectance changes in the Cariaco Basin (northern coastal Venezuela) and Greenland ice core d
18 O changes, thereby demonstrating a clear linkage of the tropical hydrological cycle with high northern latitude climate [Peterson et al., 2000] . We note that the record of L* from MD99-2198 [Hüls and Zahn, 2000 ] reveals a similar relationship with Greenland temperature when placed on our timescale (Figure 3 ).
[12] Age control for ODP 1063 is explained in detail in a study by Thornalley et al. [2013] and briefly was obtained by tuning core reflectance and magnetic susceptibility to records of orbital precession and obliquity [Grützner et al., 2002] , with further refinement by tuning the planktic d 18 O record (derived from the thermocline-dwelling Neogloboquadrina dutertrei) from the same core [Verardo and McIntyre, 1994] , which was tuned to Mapping Spectral Variability in Global Climate Project (SPECMAP) [Martinson et al., 1987 ]. The age model was then fine tuned using a new high-resolution d
O record from G. ruber, and the consistency of the age [Andersen et al., 2007] , adjusted to the Hulu-Sanbao speleothem record [Wang et al., 2001 [Wang et al., , 2008 [Thornalley et al., 2013] . Northern Hemisphere cold periods are marked by grey bands, and MIS 4 is marked by a light orange band. model was checked by comparing the % CaCO 3 record of RC24-01 to that of ODP 1063 ( Figure 4 ) [Thornalley et al., 2013] .
Results and Discussion
Neodymium (Nd) Isotopic Changes MIS 5a-4
[13] Pore water profiles of rare earth elements from marine pelagic sediments demonstrate that under oxic to suboxic conditions, trace metals such as Nd are scavenged from seawater and incorporated into Fe-Mn oxyhydroxide coatings in the uppermost few centimeters of sediment [Haley et al., 2004] . This observation has been exploited in a number of studies to reconstruct seawater Nd isotopic compositions using such dispersed Fe-Mn hydroxide coatings, for example [Rutberg et al., 2000; Bayon et al., 2002; Piotrowski et al., 2005; Gutjahr et al., 2007 Gutjahr et al., , 2008 Pahnke et al., 2008] . Extracting the authigenic Nd signal from oxyhydroxide coatings by sequential leaching, Pahnke et al. [2008] found that the core top value of MD99-2198 agreed within one epsilon unit with the seawater Nd isotopic compositions from stations near the Tobago Basin [Piepgras and Wasserburg, 1987] , even though strontium (Sr) isotopes measured on the same leachates deviated significantly from seawater. This observation confirms the mass balance calculations by Gutjahr et al. [2007] , implying that even in cases of significant detrital contamination of the Sr isotope signal, Nd isotopes can still preserve an authigenic signature. We used exactly the same leaching protocol as in Pahnke et al. [2008] , providing confidence that Fe-Mn leachate results of bulk sediments at this site yield robust authigenic Nd isotopic compositions.
[14] Seawater Nd isotopes across the MIS 5/4 transition from MD99-2198 show a range in e Nd from À9.1 to À11.0 ( Figure 5 , red curve c). Relatively unradiogenic values (e Nd = À10 to À11) are displayed during the latter part of MIS 5, which suggest a significant influence of Northern Component Water (NCW) on the western tropical Atlantic during MIS 5a. These values are furthermore similar to the core top value of À11 [Pahnke et al., 2008] , which reflects modern mixing of North Atlantic Deep Water (NADW) with a typical e Nd = À13 to À14 [Piepgras and Wasserburg, 1987; Lacan and Jeandel, 2005] with a smaller proportion of more radiogenic AAIW (e Nd = À7 to À9) [Piepgras and Wasserburg, 1982; Jeandel, 1993; Stichel et al., 2012] .
[15] During early MIS 4, our record shows an abrupt change to a less negative (more radiogenic) e Nd , beginning around the end of D-O 19 and reaching a maximum during mid MIS 4. Subsequently, the e Nd values decrease into the latter half of MIS 4, suggesting a slight enhancement of NCW influence. The most radiogenic value attained at 65 ka is e Nd = À9.1, which is approaching the South Atlantic/AAIW end-member. The Nd isotopic record also demonstrates a more negative excursion (more AAIW) during MIS 3 (~55 ka). Unfortunately, Nd data could not be attained for warm D-O 19 and cold D-O 20 (see the supporting information).
6. Silicon (Si) Isotopic Changes MIS 5a-4 range from approximately +1.5% [Cardinal et al., 2005; Hendry et al., 2010] to +2%, measured in the winter mixed layer where intermediate waters form by subduction [de Souza et al., 2012] .
where [18] We infer a change in the silicic acid content of AAIW over a timescale <10 ka, which is of the same order as the oceanic residence time of dissolved silicon, estimated at 10-15 ka Georg et al., 2009] . We therefore suggest that even large changes in silicon input to the oceanic reservoir could not alter its silicon isotope composition significantly over the timescale of our record. Our results suggest an increase in ambient [Si(OH) 4 ] of~15 to 20 mM throughout early MIS 4 (Figure 6 ). This increase would probably have been sufficient to alleviate Si limitation on low-latitude diatom production [Egge and Aksnes, 1992] .
[19] Silicic acid leakage during MIS 4 appears to have had no effect on the diatom export productivity at the MD99-2198 core site ( Figure 5 , purple curve f). However, the record of percent opal from ODP 1063 ( Figure 5 , purple curve g) demonstrates a sustained increase within MIS 4 and also during D-O 19 and 20. The records of percent opal ( Figure 5 , purple curve h) and thorium-normalized opal flux ( Figure 5 , brown curve h) from RC24-01 also reveal higher values during MIS 4. We do note significant differences in detail between the opal records from ODP 1063 and RC24-01. In part, these may reflect differences in resolution (e.g., across D-O 19 and 20), but, and as discussed below, they may also reflect differences in the transferral of silicic acid from intermediate depths to the photic zone.
Controls on the Nd Isotopic Record
[20] The records of e Nd and d
30
Si from MD99-2198 ( Figure 5 ) suggest a major reorganization in the low-latitude oceans at the MIS 5/4 transition. The e Nd during MIS 5a is À10 to À11, similar to modern values, and is analogous to the modern scenario of Atlantic Intermediate Water (AIW), a combination of AAIW and Upper North Atlantic Deep Water [Wüst, 1964; Haddad and Droxler, 1996] , bathing the MD99-2198 core site. The reconstruction of e Nd in MIS 5a further implies that some variety of Northern Component Water (NCW), with a similar Nd isotopic signature to modern NADW, was influencing the mid-depth [Rutberg et al., 2000; Piotrowski et al., 2005; Guihou et al., 2010] .
[21] In order to understand the e Nd record generated from MD99-2198, we considered the potential effect that other water masses could have had on the Nd isotopic record at our core site. Southern and western Indian Ocean intermediate and deep waters have e Nd % À7 to À9 (reflecting dominance of northward flowing circumpolar water) [Piepgras and Wasserburg, 1982; Bertram and Elderfield, 1993; Jeandel, 1993; Jeandel et al., 1998; Stichel et al., 2012] [Peeters et al., 2004] .
[22] Another water mass that may have influenced the hydrography and hence the Nd isotopic composition in the Tobago Basin during MIS 5/4 is Mediterranean Overflow Water (MOW). Modern MOW at the outflow from the Strait of Gibraltar is characterized by a e Nd of % À9.5 [Tachikawa et al., 2004] , a value within the error of the maximum e Nd recorded during MIS 4 in MD99-2198. The net flux of MOW into the North Atlantic was lower in MIS 2 than during Northern Hemisphere stadials and Heinrich events [Voelker et al., 2006] and therefore was probably low during MIS 4 but cannot be fully excluded as a potential contributor to the Nd isotopic excursion recorded during MIS 4 in MD99-2198.
[23] Besides considering the effect that changes in volume (and hence mixing proportions) of water masses in the Tobago Basin may have on seawater Nd isotopes, it is also possible for vertical changes in water mass boundaries to have had an influence [Xie et al., 2012] . MD99-2198 lies at the lower limit of modern AAIW (1330 m; see Figure 1 ) and may therefore be sensitive to changes in the depth of the boundary between AAIW and Glacial North Atlantic Intermediate Water (GNAIW), a glacial analogue of NADW [Oppo and Lehman, 1993] . If AAIW shoaled tõ 1000 m during glacial periods, as predicted to have occurred in the Last Glacial Maximum [Curry and Oppo, 2005] , or was absent, the MD99-2198 core site would have been bathed by GNAIW [Curry and Oppo, 2005; Marchitto and Broecker, 2006] . However, GNAIW probably had a similar Nd isotopic signature to modern NADW [van de Flierdt et al., 2006; Foster et al., 2007] and therefore would result in a shift to lower e Nd values during MIS 4, which is contrary to the higher values observed in MD99-2198 during MIS 4. Hence, we discount shoaling of the AAIW-GNAIW boundary as an influence on our Nd isotopic record.
[24] One last point for consideration is our implicit assumption of stability in the Nd isotopic compositions of the source region of southern water masses. This assumption may, however, be compromised by the fact that decreased export of NADW/GNAIW to the Southern Ocean will have an effect on the Nd isotopic composition of water masses formed in the Southern Ocean. Data extracted from a deepsea coral skeleton from the Drake Passage indicate that intermediate waters during Heinrich Stadial (HS) 1 (~16.7 ka) became more radiogenic [Robinson and van de Flierdt, 2009] , probably due to reduced input of North Atlantic-sourced Nd to the Drake Passage, associated with decreased NADW export [Keigwin et al., 1994; McManus et al., 2004] , resulting in more "Pacific-like" values in the Southern Ocean. It remains to be seen whether a similar scenario could have made the Nd isotopic composition of SAMW and AAIW source regions more radiogenic during MIS 4. Heinrich Stadials have been considered as times with particularly perturbed deep ocean circulation [Keigwin et al., 1994; McManus et al., 2004] , and hence, it might be that changes in seawater Nd isotopes in the Southern Ocean of similar magnitude during early MIS 4 are less likely. Therefore, while our preferred interpretation is that elevated values of e Nd during MIS 4 reflect increased influence of AAIW in the Tobago Basin, we cannot exclude the possibility that the excursion was a result of decreased NADW export.
Controls on the Si Isotopic Record
[25] The results of this study take on more significance when they are examined alongside the Si isotope data. The correlation (r = À0.7 at p < 0.05) between the Nd isotopic record and the silicon isotopic record of silicic acid concentrations in MD99-2198 ( Figure 5 ) implies that the water's origin was in the subantarctic zone (~100 mM of silicic acid) [Schlitzer, 2000] because the middle and northern Atlantic is depleted in silicic acid due to depletion by diatoms in subtropical anticyclonic gyre systems [Levitus et al., 1993] . The only region of the ocean that contains sufficient silicic acid to affect a significant change in the silicic acid content of AAIW is the deep SO [Schlitzer, 2000] . However, there are also important differences between the Nd and Si isotopic records. The most notable feature is that the increase in e Nd occurs rapidly at the start of MIS 4, whereas the d 30 Si value decreases more gradually throughout early MIS 4. Second, the most negative d 30 Si value (the greatest silicic acid concentration) occurs during MIS 3. If this was not reflected by an increase in low-latitude diatom productivity, it might reflect variations in the upwelling of intermediate waters into the photic zone (see below).
[26] The most important sources of dissolved silicon to the ocean are rivers , which must also be considered as potential suppliers of silicic acid to the Tobago Basin during MIS 4. The modern eastern Caribbean Sea is influenced by freshwater input from both the Orinoco River [Chérubin and Richardson, 2007] and the Amazon River [Chérubin and Richardson, 2007; Molleri et al., 2010] . However, input of sediment to the eastern Caribbean Sea during glacial periods is likely to have been lower from the Amazon River, due to decreased rainfall over South America because of a southward shift in the position of the ITCZ [Peterson and Haug, 2006] . On the other hand, sedimentary input from the Orinoco River may have been higher [Bowles and Fleischer, 1985] because despite the fact that Orinoco outflow is also modulated by the position of the ITCZ, the proximity of the Aves Ridge to the Orinoco plume may cause volumetric increases in Orinoco River water during glacial lowstand [Bowles and Fleischer, 1985] . Alternatively, other evidence suggests that Orinoco River water is not a significant contributor of dissolved silicon to the Tobago Basin; first, Orinoco River water generally contains low concentrations of dissolved and suspended constituents due to a high runoff [Lewis and Saunders, 1989] . More importantly, sediments from the lower Orinoco River display a less radiogenic Nd isotopic composition (e Nd~À 14) [Goldstein et al., 1997] , relative to Amazon River sediments (e Nd~À 9.2) [Goldstein et al., 1984] , which presumably would have made the e Nd values during MIS 4 less radiogenic than those recorded in this study.
[27] The lower silicic acid content at the MD99-2198 core site during MIS 5a is consistent with the greater influence of northern waters inferred from the Nd isotope data. The apparent increase in silicic acid concentration observed during MIS 4 leads us to question whether the inferred changes in silicic acid concentration are due to an increase in the volumetric contribution of AAIW to the Tobago Basin, to an increase in its preformed silicic acid concentration, or both. Records of the d 30 Si of diatoms from the Atlantic sector of the SO show more depleted d
30 Si values during MIS 4, which has been interpreted as an indication of lower silicic acid utilization by diatoms in the Atlantic SO, and an increase in the silicic acid content of SO surface waters by corollary . This lends support to the argument for an increased silicic acid content of AAIW during MIS 4. Furthermore, the apparent decoupling between our records of e Nd and d
30
Si during early MIS 4 suggests that the increase in AAIW influence at the site of MD99-2198 did not itself drive the inferred change in silicic acid concentration.
[28] A study of d 13 C in benthic foraminifera from the southeast Pacific (east of New Zealand) suggested lower glacial formation rates of AAIW for the past three G-IG cycles [Pahnke and Zahn, 2005; Crosta et al., 2007] . However, Pahnke and Zahn [2005] also acknowledge that similar glacial excursions in benthic d 13 C could have been produced by upward displacement of the boundary between AAIW and Upper Circumpolar Deep Water (UCDW), which exhibits more depleted glacial d
13 C values [Hodell et al., 2003] . Spatial displacement of the AAIW-UCDW boundary is consistent with the inferred movement of westerly wind belts equatorward during glacial periods [Toggweiler et al., 2006] . Additionally, positive d [Anderson et al., 2009] . A more southerly position of the westerly wind belt increases upwelling while simultaneously displacing the AAIW-UCDW boundary southward and downward near the core site used in the Pahnke and Zahn study. Furthermore, a number of benthic d 13 C records from various depths around New Zealand support the notion of displacement of the AAIW-UCDW boundary [Elmore et al., 2011] . While the debate surrounding AAIW formation rates remains unresolved, we argue that there is no inconsistency between our inference of increased AAIW expression in the middepth western tropical Atlantic during MIS 4 and the benthic d 13 C record of Pahnke and Zahn [2005] .
Controls on Low-Latitude Diatom Productivity
[29] Elevated silicic acid in AAIW influencing the middepth western tropical Atlantic during MIS 4 appears to have been unable to reach the euphotic zone there and was therefore prevented from promoting greater diatom export productivity in the Tobago Basin, based on the opal record from MD99-2198 ( Figure 5 , purple curve f). A lack of upwelling in this interval may have been related to the depth of the western Atlantic thermocline, which is thought to have deepened throughout MIS 4 [Rühlemann et al., 1996; Höll et al., 1999] .
[30] Conversely, in the EEA, the thermocline appears to have been shallower than it was in the western Atlantic during MIS 4 [Abrantes, 2000; Flores et al., 2000] , due to enhanced northeast trade wind strength [Flores et al., 2000; Abrantes, 2003] and greater rates of upwelling [Jansen et al., 1996; Abrantes, 2000] . This might explain why leaked silicic acid during MIS 4 may have been able to influence diatom export productivity in the EEA but not the western equatorial Atlantic (Figure 5 ). The maximum in opal flux observed in RC24-01 is aligned with maxima in F(TOC) and U auth , suggesting increased marine productivity during this interval (Figure 6 ), as well as opal maxima in other cores from across the EEA [Gardner and Burckle, 1975; Stabell, 1986; Abrantes, 2001] . In addition, a study of modern diatom productivity in the EEA found that the spatial pattern of opal burial reflects diatom productivity in the overlying waters despite only 0.05-3% of total opal being buried [Treppke et al., 1996] . This strongly implies that the increase in opal accumulation during MIS 4 was a result of enhanced diatom export productivity rather than enhanced opal preservation. Authigenic uranium (U auth ) has been used as a proxy for organic carbon flux [Kumar et al., 1995; Anderson et al., 1998; Chase et al., 2001] and provides support for the interpretation of an enhanced organic carbon flux during early MIS 4 from the F(TOC) record of RC24-01 ( Figure 6 , green curve c). Additionally, the interpretation of an overall enhancement in export productivity during MIS 4 is consistent with a paleoproductivity reconstruction using organic carbon and planktic foraminiferal transfer functions from a core taken from the EEA [Sarnthein et al., 1992] .
[31] Despite the coincidence of the enrichment of the Atlantic thermocline with silicic acid and the enhancement of low-latitude opal export, the mechanism required to mix AAIW from depths of 800-1000 m into the euphotic zone (<200 m) is as yet unidentified. On the other hand, SAMW has also been invoked as a major conduit for preformed nutrients to the low latitudes [Sarmiento et al., 2004] and has the potential to alleviate low-latitude Si limitation of diatom productivity, presumably being more readily entrained into the euphotic zone. A recent ocean circulation experiment using the Hybrid isopycnic-Cartesian Coordinate Ocean general circulation Model (HYCOM) has demonstrated that SAMW-related tracer reemergence in the Atlantic at tropical latitudes may be strongly dependent on shear-induced turbulent mixing and furthermore that significant tracer reemergence occurs in the North Atlantic [Zuo et al., 2012] .
[32] The record of sedimentary opal from ODP 1063 (Bermuda Rise) is in line with results from a number of cores from the EEA, in that it shows an increase during MIS 4. Following previous studies [Keigwin and Boyle, 2008; Gil et al., 2009; Lippold et al., 2009] , we interpret the record of percent opal in ODP 1063 as reflecting increased diatom productivity at the Bermuda Rise. These findings imply that the northward penetration of AAIW may have been enhanced relative to its modern extent [Schlitzer, 2000] during northern cold intervals (D-O 19 and 20) and are also in agreement with the findings of Pahnke et al. [2008] . Today, the Bermuda Rise is a stratified, oligotrophic environment with low diatom productivity [Heath, 1974] , but the site has witnessed significant increases in diatom productivity in the past [Keigwin and Boyle, 2008; Gil et al., 2009; Lippold et al., 2009] . Processes such as cold-core rings and mode water eddies may have enabled silicic acid within AAIW/SAMW to be brought into the euphotic zone and therefore to have enhanced diatom productivity [The Ring Group, 1981; Krause et al., 2009] . Melting icebergs are also thought to have had the potential to affect diatom export productivity in waters overlying the Bermuda Rise, possibly due to their amplification of cold-core rings [Gil et al., 2009] . Aeolian input of Fe can probably be ruled out as an influence on diatom productivity at the Bermuda Rise, as experiments have shown that Fe input at the Bermuda Atlantic Time-series Study site near Bermuda failed to stimulate diatom productivity [Nelson and Brzezinski, 1997] . Nonetheless, the coincidence of large increases in diatom productivity in oligotrophic areas of the ocean with our new evidence for silicic acid leakage from high southern latitudes is compelling and suggests that the processes are somehow related.
[33] More work is needed to constrain the amount of silicic acid leakage before accepting that a SALH scenario was responsible for the enhanced sedimentary opal observed in ODP 1063 during MIS 4. Additional comparisons of thorium-normalized opal flux rates with other proxies (for example, past eolian silicon input) are required in order to better understand the controls on diatom export productivity at the Bermuda Rise.
10. Possible Influence of Silicic Acid Leakage on pCO 2 During MIS 4
[34] The most fundamental component of the SALH is its prediction of a decrease in the low-latitude export ratio of inorganic to organic carbon (CaCO 3 :C org rain ratio) . Hence, if the increase in diatom productivity observed here caused a change in the CaCO 3 : C org rain ratio, it should be manifest in the record of pCO 2 [Archer et al., 2000; Sigman and Boyle, 2000] . A box modeling study of the SALH scenario suggested that the potential pCO 2 drawdown associated with low-latitude changes in the carbonate pump and carbonate compensation feedbacks could cause a 35-45 ppmv reduction in pCO 2 . This finding leaves open the possibility that the SALH may have had a significant impact on pCO 2 drawdown during MIS 4. However, our records suggest that the pCO 2 drawdown associated with the SALH probably occurred over longer timescales (throughout MIS 4 ( Figure 5) ), and thus, we suggest that the rapid pCO 2 decrease seen at the start of MIS 4 is more likely to have been the result of some combination of physical oceanographic mechanisms, with further significant contributions from marine biota Sigman et al., 2010; Thornalley et al., 2013] .
[35] Finally, we note a recent study by Meckler et al. [2013] concluded that increased opal production in the tropical Atlantic during the last deglaciation corresponded to a decrease in the supply of AAIW to the Atlantic basin during Heinrich Stadial (HS) 1. While our study cannot be compared directly with that of Meckler et al. ( ours is concerned with the transition into a glacial state as opposed to a deglacial transition: MIS 4 should not be viewed as analogous to an HS event), our findings do suggest that changes in the silicic acid concentration of AAIW are possible and highlight the value of reconstructing variations in the source and nutrient chemistry of potential source waters for low-latitude opal production.
Conclusions
[36] Our e Nd and d
30
Si records from the Tobago Basin provide the first direct evidence of silicic acid leakage in glacial-aged AAIW. Patterns of opal production in the eastern equatorial Atlantic and sedimentary opal content in the northwest Atlantic during MIS 4 support the interpretation of silicic acid leakage to low latitudes and the subsequent enhancement of diatom primary productivity over carbonatebased primary productivity, consistent with the SALH. Based on our records, the SALH was probably not the primary driver of the 46 ppmv pCO 2 decrease observed at the initiation of MIS 4 but could nonetheless have contributed to pCO 2 drawdown later in MIS 4 with the development of full glacial conditions.
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